Intelligent Traction Control System Design And Road Characteristic Estimation By Acoustic Signal Processing In Electric Vehicles by Doğan, Dağhan
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISTANBUL TECHNICAL UNIVERSITY  GRADUATE SCHOOL OF SCIENCE 
ENGINEERING AND TECHNOLOGY 
M.Sc. THESIS 
JUNE 2012 
 
INTELLIGENT TRACTION CONTROL SYSTEM DESIGN AND ROAD 
CHARACTERISTIC ESTIMATION BY ACOUSTIC SIGNAL PROCESSING IN 
ELECTRIC VEHICLES 
 
 
 
 
Dağhan DOĞAN 
 
Department of Mechatronic Engineering 
 
Mechatronic Engineering Programme 
 
 
 
Anabilim Dalı : Herhangi Mühendislik, Bilim 
Programı : Herhangi Program 
 
   
     
JUNE 2012 
ISTANBUL TECHNICAL UNIVERSITY  GRADUATE SCHOOL OF SCIENCE 
ENGINEERING AND TECHNOLOGY 
INTELLIGENT TRACTION CONTROL SYSTEM DESIGN AND ROAD 
CHARACTERISTIC ESTIMATION BY ACOUSTIC SIGNAL PROCESSING IN 
ELECTRIC VEHICLES 
 
 
M.Sc. THESIS 
Dağhan DOĞAN 
 (518091042) 
 
Department of Mechatronic Engineering 
 
Mechatronic Engineering Programme 
 
 
 
Anabilim Dalı : Herhangi Mühendislik, Bilim 
Programı : Herhangi Program 
 
Thesis Advisor: Asst. Prof. Dr. Pınar BOYRAZ 
   
     
HAZİRAN 2012 
İSTANBUL TEKNİK ÜNİVERSİTESİ  FEN BİLİMLERİ ENSTİTÜSÜ 
ELEKTRİKLİ ARAÇLARDA AKILLI ÇEKİŞ KONTROL SİSTEMİ 
TASARIMI VE AKUSTİK SİNYAL İŞLEME İLE YOL KARAKTERİSTİĞİNİN 
TAHMİNLENMESİ   
 
 
YÜKSEK LİSANS TEZİ 
Dağhan DOĞAN 
(518091042) 
 
Mekatronik Mühendisliği Anabilim Dalı 
 
Mekatronik Mühendisliği Programı 
 
 
 
Anabilim Dalı : Herhangi Mühendislik, Bilim 
Programı : Herhangi Program 
 
Tez Danışmanı: Yrd.Doç. Dr. Pınar BOYRAZ 
  
 
v 
 
  
Thesis Advisor : Asst. Prof. Dr. Pınar BOYRAZ 
 Istanbul Technical University  
 
Jury Members : Prof. Dr. Ata MUĞAN   
Istanbul Technical University 
 
Asst. Prof. Dr. Şeniz ERTUĞRUL   
Istanbul Technical University 
 
Asst. Prof. Dr. Pınar BOYRAZ   
Istanbul Technical University 
 
Dağhan DOĞAN, a M.Sc. student of ITU Graduate School of Mechatronic 
Engineering student ID 518091042, successfully defended the thesis entitled 
“INTELLIGENT TRACTION CONTROL SYSTEM DESIGN AND ROAD 
CHARACTERISTIC ESTIMATION BY ACOUSTIC SIGNAL PROCESSING 
IN ELECTRIC VEHICLES”, which he prepared after fulfilling the requirements 
specified in the associated legislations, before the jury whose signatures are below. 
 
 
 
Date of Submission : 4 May 2012 
Date of Defense :  5 June 2012 
 
 
vi 
 
  
vii 
 
 
 
 
To my family, 
 
 
 
  
viii 
 
ix 
 
FOREWORD 
Foremost, I wish to express my sincere gratitude to my thesis advisor Asst. Prof. Dr. 
Pınar BOYRAZ for her incredible patience, understanding and for precious helps and 
guidance. I could not have imagined having a better advisor and mentor for my thesis 
study.Also, I would like to thank to my managers and colleagues for standing with 
me all the way along and helping me all the time I needed. Besides, I would like to 
thank to TÜBİTAK/BİDEB and TÜBİTAK/BİLGEM for their support. 
Last but not the least, I would like to thank to my family who have a great influence 
on me to finish this theis with their support, understanding and love. 
 
 
 
 
 
May 2012 
 
Dağhan DOĞAN 
Mechanical Engineer 
 
 
 
 
 
 
 
 
 
 
  
x 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xi 
 
TABLE OF CONTENTS 
Page 
FOREWORD ............................................................................................................. ix 
TABLE OF CONTENTS .......................................................................................... xi 
ABBREVIATIONS ................................................................................................. xiii 
LIST OF TABLES ................................................................................................... xv 
LIST OF FIGURES ............................................................................................... xvii 
LIST OF SYMBOLS .............................................................................................. xix 
SUMMARY ............................................................................................................. xxi 
ÖZET ...................................................................................................................... xxiii 
1. INTRODUCTION .................................................................................................. 1 
1.1 Aim and  Scope of the Thesis ............................................................................ 1 
1.2 Background on Traction Control Systems ........................................................ 1 
1.2.1 Conventional traction control system ......................................................... 1 
1.2.2 Advantages of traction control system ........................................................ 3 
1.2.3 Advantages of TCS applications in full electric vehicle ............................. 3 
1.2.3.1. Quick and accurate torque generation ................................................. 3 
1.2.3.2. Individual in-wheel motors ................................................................. 3 
1.2.3.3. Easy torque measurement ................................................................... 3 
1.3. Literature Survey on Traction Control Systems for Full Electric Vehicles ..... 4 
1.3.1. Model following controller (MFC) ............................................................ 7 
1.3.2. Slip ratio controller (SRC) ......................................................................... 9 
1.3.2.1 Vehicle model in SRC .......................................................................... 9 
1.3.2.2 Road condition estimators .................................................................. 11 
1.3.2.2.1 Based on force obsevration ......................................................... 11 
1.3.2.2.2. Road condition estimation based on acoustic data ..................... 13 
1.3.2.3 Optimal slip ratio estimator based on fuzzy inference ....................... 15 
1.3.2.4 Slip ratio controller ............................................................................ 19 
1.3.2.5 Advantages and disadvantages of SRC .............................................. 20 
1.3.3 Maximum transmissible torque estimation method (MTTE) ................... 20 
1.3.4 Direct yaw control (DYC) ......................................................................... 23 
2. COMPARATIVE MODELING OF TRACTION CONTROL FOR EV ....... 27 
2.1 Model Following Control (MFC) .................................................................... 27 
2.2 Slip Ratio Control (SRC) ................................................................................ 31 
2.3 Maximum Transmissible Torque Estimation (MTTE) ................................... 37 
2.4 Direct Yaw Control Using Model Following Control as a Sub-System                                                                    
(DYC WITH MFC) ......................................................................................... 43 
3. EXPERIMENTAL EVALUATION ................................................................... 49 
4. RESULTS ............................................................................................................. 57 
5. CONCLUSION AND FURTHER WORK ........................................................ 59 
REFERENCES ......................................................................................................... 61 
APPEDICES ............................................................................................................. 63 
xii 
 
CURRICULUM VITAE .......................................................................................... 93 
 
 
 
 
xiii 
 
ABBREVIATIONS 
TCS : Traction Control Sytem 
ABS : Anti-lock Braking System 
ECU : Electronic Control Unit 
VSC : Vehicle Stability Control 
DYC : Direct Yaw Control 
SRC : Slip Ratio Control 
HEV : Hybrid Electric Vehicle 
AFS : Active Front Steering 
MFC : Model Following Control 
R-MMC : Robust Model Matching Controller 
ICV : Internal Combution Engine Vehicle  
MTTE : Maximum Transmissible Torque Estimation 
IWM : In-wheel-motor-driven 
EV : Electric Vehicle 
FFT : Fast Fourier Transform 
RMS : Root Mean Square 
LPC : Linear Prediction Coefficients 
 
 
 
 
  
xiv 
 
xv 
 
LIST OF TABLES 
Page 
Table 1.1: Applications of active vehicle safety for electric vehicles according to                 
[4] ............................................................................................................... 5 
Table 1.2: Relation between L and λopt / λ ................................................................ 19 
Table 2.1: MFC and EV without MFC angular velocity-time diagrams………...    30  
Table 2.2: Road condition rate-time diagrams for third torque diagram in Figure        
2.10 .......................................................................................................... 36 
Table 2.3: SRC and EV without SRC slip ratio-time (λ/t) diagrams. ....................... 37 
Table 2.4: MTTE and EV without MTTE wheel velocity-time (Vw/t )  diagrams. .. 40 
Table 2.5: MTTE and EV without MTTE chassis velocity-time (V/t) diagrams. .... 41 
Table 2.6: MTTE and EV without MTTE slip ratio-time (λ/t)  diagrams. ............... 42 
Table 2.7: DYC and EV without DYC yaw - time (γ/t) (deg/sec-sec) diagrams  
which inlude MFC.................................................................................... 46 
Table 2.8: DYC and EV without DYC, yaw rate-time ( γ/t ) (deg/sec-sec) diagrams 
which are passed low pass filter. .............................................................. 47 
Table B.1: Data distances between each lines according to Kullback-Leibler……  67 
Table C.1: Asphalt maximum ten LPCs and their variance for thirty data………...68 
Table C.2: Asphalt maximum five power values (V
2
) and their variance for thirty 
data .......................................................................................................... 69 
Table C.3: Asphalt maximum ten cepstrums and their variance for thirty data ....... 70 
Table C.4: Snow maximum ten LPCs and their variance for thirty data .................. 71 
Table C.5: Snow maximum five power values (V
2
)  and their variance for thirty   
data .......................................................................................................... 72 
Table C.6: Snow maximum ten cepstrums and their variance for thirty data ........... 73 
Table C.7: Gravel maximum ten LPCs and their variance for thirty data ................ 74 
Table C.8: Gravel maximum five power values (V
2
)  and their variance for thirty .....  
data………………………………………………………………….…. 75 
Table C.9: Gravel maximum ten cepstrums and their variance for thirty data ......... 76 
Table C.10: Stone maximum ten LPCs and their variance for thirty data ................ 77 
Table C.11: Stone maximum five power values (V
2
)  and their variance forthirty   
data ........................................................................................................ 78 
Table C.12: Stone maximum ten cepstrums and their variance for thirty data ......... 79 
Table C.13: 120x7 feature vector .............................................................................. 80 
 
 
  
xvi 
 
 
 
 
 
 
 
 
 
xvii 
 
 
LIST OF FIGURES 
Page 
Figure 1.1: Conventional traction control system . ..................................................... 2 
Figure 1.2: The full control system to be realized in future electric driven vehicles 
suggested by [4]. ...................................................................................... 4 
Figure 1.3: Block diagram of MFC . ........................................................................... 8 
Figure 1.4: Full block diagram of optimal slip ratio control system .......................... 9 
Figure 1.5: µ-λ characterisrics used in vehicle model. ............................................. 10 
Figure 1.6: SRC vehicle model. ................................................................................ 11 
Figure 1 7: Driving force between tire and road in one wheel model. ..................... 11 
Figure 1.8: Charecteristic of μ-λ curve. .................................................................... 12 
Figure 1.9: Block diagram of the driving force observer. ......................................... 13 
Figure 1.10: Recorder installation on IWM EV. ....................................................... 14 
Figure 1.11: Block diagram of the signal processing flow. ...................................... 14 
Figure 1.12: Block diagram of optimal slip ratio controller with acoustic signal    
input added ........................................................................................... 15 
Figure 1.13: Geometrical characteristic of  μ-λ curve . ............................................ 16 
Figure 1.14: Operation of the optimal slip ratio generator. ...................................... 17 
Figure 1.15: Fuzzy variable of λ . ............................................................................. 17 
Figure 1.16: Fuzzy variable of μ in cases of  λ=small . ............................................ 18 
Figure 1.17:Fuzzy variable of μ in cases of λ=middle-small, middle-big and big ... 18 
Figure 1.18: Fuzzy variable of L . ............................................................................. 18 
Figure 1.19: Block diagram of slip ratio controller . ................................................ 20 
Figure 1.20: One – wheel model with magic formula . ............................................ 21 
Figure 1.21: Control system based on MTTE . ......................................................... 23 
Figure 1.22: MFC system used in DYC . .................................................................. 24 
Figure 1.23: DYC control system. ............................................................................ 25 
Figure 2.1: Input current diagrams used as inputs in MFC and real vehicle model..27 
Figure 2.2: Slip ratio input diagram for MFC……………………………………...28 
Figure 2.3: Real vehicle model without MFC. ......................................................... 29 
Figure 2.4: MFC (Model Following Control)  applied vehicle model...................... 29 
Figure 2.5: μ-λ characterisric used in simulations . .................................................. 31 
Figure 2.6: EV motor model for SRC. ...................................................................... 32 
Figure 2.7: Driving force observer model. ................................................................ 32 
Figure 2.8: Optimal slip raito estimator using Fuzzy Inference. .............................. 33 
Figure 2.9: Slip ratio controller. ................................................................................ 33 
Figure 2.10: Input torque diagrams used in SRC and EV motor without SRC. ....... 34 
Figure 2.11: EV motor without SRC. ....................................................................... 34 
Figure 2.12: Block diagram of SRC. ........................................................................ 35 
Figure 2.13: Input torque-time diagrams used in MTTE and EV motor without 
MTTE ................................................................................................... 38 
Figure 2.14: EV motor model for MTTE. ................................................................. 38 
xviii 
 
Figure 2.15: Full model of MTTE............................................................................. 39 
Figure 2.16: Steering-time diagram used in DYC with MFC. .................................. 43 
Figure 2.17: EV without DYC. ................................................................................. 44 
Figure 2.18: Full blocks of DYC with MFC. ............................................................ 44 
Figure 2.19: Torque-time diagram on left wheel of EV. ........................................... 45 
Figure 2.20: Torque-time diagram on right wheel of EV. ........................................ 45 
Figure 3.1: Torque-time diagram for simulation of varying μ-λ characteristic...….49 
Figure 3.2: MTTE simulation to identify μ-λ  curve importance. ............................. 50 
Figure 3.3: Torque-time input for asphalt. ................................................................ 50 
Figure 3.4: Torque-time input for ice. ....................................................................... 51 
Figure 3.5: Desired torque-time input. ...................................................................... 51 
Figure 3.6: Boot of the EV vehicle with acoustic data collection equipments. ........ 52 
Figure 3.7: DPA 4012 Cardioid microphone pattern. ............................................... 53 
Figure 3.8: Fixing of microphone on electric vehicle. .............................................. 53 
Figure 3.9: Waveform of asphalt (air pressure of sound-time). ................................ 54 
Figure 3.10: Waveform of snow (air pressure of sound-time). ................................. 54 
Figure 3.11: Waveform of gravel (air pressure of sound-time). ............................... 54 
Figure 3.12: Waveform of stone (air pressure of sound-time). ................................. 55 
Figure 3.13: Variances in feature vector.. ................................................................. 56 
Figure D.1: Neural network result interface…………………………………….... 84 
Figure D.2: Neural network classification performance. .......................................... 85 
Figure D.3: Neural network classification mu training state. ................................... 86 
Figure D.4: Neural network classification gradient training state. ........................... 86 
Figure D.5: Neural network classification validation fail training state. .................. 86 
Figure D.6: Neural network classification training regression. ................................ 87 
Figure D.7: Neural network classification validation regression. ............................. 87 
Figure D.8: Neural network classification test regression. ....................................... 88 
Figure D.9: Neural network classification all regression. ......................................... 88 
 
 
 
  
xix 
 
 
LIST OF SYMBOLS 
  :Slip ratio  
Icom :Current command proportional to acceleration pedal angle 
  :Rotational speed of the driving shaft. It increases when the tire slips. 
  :Vehicle body inertia moment 
   :Shaft inertia moment 
  :Tire radius 
   :Motor torque (force equivalent) 
    :Friction force 
   :Vheel inertia(mass equivalent) 
  :Verical force 
  :Gravity acceleration 
   :Rolling resistance 
   :Air resistance 
   :Motor time constant 
  :Gradient of µ/λ curve 
  :Chasis slip angle 
  :Yaw rate 
  :Mass of vehicle 
  :Inertia of vehicle 
  :Vehicle velocity 
     :Cornering power of front wheel 
   :Cornering power of rear wheel 
  :Normal force of wheel 
c :Rolling resistance coefficient 
  :Motor’s torque 
    :Driving resistance 
   :Wheel velocity 
  :Friction corfficient 
  :Relaxation factor 
  :Steering 
 
 
 
  
xx 
 
 
 
 
 
 
 
 
 
xxi 
 
 
INTELLIGENT TRACTION CONTROL SYSTEM DESIGN AND ROAD 
CHARACTERISTIC ESTIMATION BY ACOUSTIC SIGNAL PROCESSING 
IN ELECTRIC VEHICLES 
SUMMARY 
Alternative energy source to oil was needed to use in transportation because of  
decreasing oil reserves in the world and environmental pollution caused by the 
emmisions of internal combustion engines.At this point, automotive companies 
started to use electric energy which is clean and environmentalist choice. In other 
words, electric motors are started to be used instead of internal combustion engines 
in the car. Thus more environmentalist, quiter vehicles with minimum carbon print 
are intended to be created.   
If electric is used to drive vehicles, active safety systems have to be adapted and 
designed for electric vehicles, too. Electric vehicles need safety systems which were 
orignally developed for conventional vehicles with ICEs before.One of these systems 
is traction control system which avoids slip when vehicle starts first movement and 
accelerate. Traction control can also be active during the drive cycle to avoid slip 
condition if the road conditions become severe, such as wet asphalt or snowy road. 
In this thesis, traction control system design in full electric vehicles with motor-in-
wheel configuration is the main focus. Benefits of traction control system, working 
principle of conventional traction control system and benefits of electric motors in 
vehicle are explained in the first part of the thesis. In the next part,  three different 
traction control systems  suggested by Prof. Yoichi Hori’s and their mathematical 
models are examined elaborately and they are simulated using 
MATLAB/SIMULINK.Thus behaviors of vehicle are observed when vehicle has 
traction control system and when it does not have any traction control system. One of 
these traction control systems are employed as a subsystem of direct yaw control in 
single track bicycle model with two wheel drive. As a result of these simulations, 
positive effects of traction control system on lateral dynamics and yaw rate are 
observed. 
Acoustic data containing information on friction characteristics between the road and 
tire are recorded using cardioid microphone on snow, asphalt, stone and gravel. 
These four acoustic data then are processed using MATLAB/AUDIO SIGNAL 
PROCESSING tools to derive the feature vectors and classified by 90 percent 
correctly using MATLAB/NEURAL NETWORKS. This relatively small analysis 
indicated that the road characteristics can be estimated. It provides the addvantage of 
selecting the correct friction-slip curves for the system to usewithout extra sensors 
and inceraes practicability of simulations. 
In this thesis, the main objective was to compare different traciton control systems in 
terms of their contributions to vehicle dynamics and stability for electric vehicles . In 
addition to this, the acoustic data between tire and road can be used in safety systems 
concerning traction control to give a low-cost and reliable estimate for correct torque 
application in motor-in-wheel configuration of EV. 
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ELEKTRİKLİ ARAÇLARDA AKILLI ÇEKİŞ KONTROL SİSTEMİ 
TASARIMI VE AKUSTİK SİNYAL İŞLEME İLE YOL 
KARAKTERİSTİĞİNİN TAHMİNLENMESİ 
 ÖZET  
Dünyada petrol rezervleri ciddi şekilde azalması ve içten yanmalı motorların çevreye 
verdiği zarar sebebiyle araçlarda kullanılmak üzere petrole alternatif enerjiye ihtiyaç 
duyulmuştur. Son yıllarda üniversitelerde hidrojenle veya güneş enerjisinden elde 
ettiği elektrikle hareket eden araçlar üzerine çalışmalar yapılmaya başlanmıştır. Bu 
noktada otomotiv şirketleri duruma kayıtsız kalmayarak yeni nesil araçlarda daha 
temiz, çevreci ve ekonomik olan elektrik enerjisi kullanmaya başladı.Başka bir 
deyişle içten yanmalı motorların yerini elektrik motorları almaya başladı.Böylece 
araçların daha çevreci, sessiz, petrolden bağımsız olması hedeflenmiştir. 
Petrol dışında yeni bir enerji ile çalışan bir araç ortaya çıkarırken bu aracın güvenlik 
sistemlerinin de bu yeni enerjiye ve çalışma prensibine uygun olarak tasarlanması 
gerekir.Yani araç elektrik ile hareket ettiğinde aktif güvenlik sistemleri de elektrikli 
araca uygun olması gerekmektedir. 
İçten yanmalı motorlarda geliştirilen güvenlik sistemlerine elektrikli araç için de 
ihtiyaç olmuştur.Bu sistemlerden biri çekiş kontrol sistemi olarak adlandırılan aracın 
ilk hareket ve hızlanma anında kaymasını önleyen sistemdir.Ayrıca bu sistem 
sayesinde yol boyunca ve değişik koşullar altında araç tekerleği ile yol arasındaki 
adhezyon kuvvetinin belli bir aralıkta tutmak mümkün olmaktadır.Böylece araç 
kaygan yolda veya virajda olsa bile güvenli bir şekilde yoluna devam edebilir. 
Bu çalışmada elektrikli araçlarda farklı çekiş kontrol sistemleri 
incelenmiştir.Çalışmanın ilk kısmında çekiş kontrol sisteminin faydaları, içten 
yanmalı motorlu araçlarda çekiş kontrol sisteminin çalışma prensibi ve elektrik 
motorunu araçlarda kullanmanın faydaları anlatılmıştır.Daha sonra Prof. Yoichi 
Hori’nin yapmış olduğu üç farklı elektrikli araç çekiş kontrol sisteminin çalışma 
prensibi, matematiksel modelleri ayrıntılı olarak incelenmiş ve 
MATLAB/SIMULINK’te gerçeğe uygun değerler kullanılarak simülasyonları 
yapılmıştır.Bu kontrol sistemlerinden ilki model takip kontrolü (model following 
control) olup kaymanın olduğu gerçek araç modelinin kaymanın olmadığı ideal araç 
modeli ile karşılaştırma prensibine dayanmaktadır.Bu kontrol sistemi oldukça basit 
ve kaba bir sistem olmakla birlikte gerçek aracın hızını ideal aracın hızına eşitlemeye 
çalışır. Başka bir deyişle gerçek araç ideal aracı takip eder. Diğer bir kontrol sistemi 
kayma oranı kontrolü (slip ratio control) uygun kayma oranını ve tork değerini 
tahminleyip aracı bu tork değerinde veya bu değerin altında gitmeye zorlar.Böylece 
aracın kayma oranı, uygun kayma oranında veya altında bir değer almış olur.Kayma 
oranı kontrolü ayrıntılı ve içerisinde sürtünme eğimi, uygun kayma oranı, yol şartları 
gibi tahminleyiciler bulunduran bir kontrol sistemidir. Üçüncü kontrol sistemi ise 
kayma oranı kontrolüne göre daha az karmaşık ve tahminleyicisi olan en fazla 
aktarılabilir tork tahminleyici (maximum transmissible torque estimation) olup 
sürücüden gelen tork komutunun en fazla aktarılabilir tork değerinin altında olması 
xxiv 
 
durumunda tork değerini değiştirmemesine rağmen üstünden olması durumunda bu 
değere sabitler. Böylece kayma oranının tehlikeli değerlere çıkmasını önlemiş 
olur.Bu üç kontrol sistemi kullanılarak oluşturulan simülasyonlarda çekiş 
kontrolünün olduğu ve olmadığı durumlarda aracın davranışları, kayma oranları, 
teker hızları ve şasi hızları gözlemlenmiş ve karşılaştırılmıştır.Öyle ki model takip 
kontrolü kaymanın olması durumunda ani hız artışına izin vermeyerek tehlikeli bir 
durumun oluşmasını engellediği gözlemlenmiştir.Kayma oranı kontrolü en uygun 
tork değerini sürücüden gelen tork değeriyle karşılaştırıp küçük olanı araç motoruna 
göndererek aracın daha kararlı bir şekilde yoluna devam etmesini sağladığı 
gözlemlenmiştir.En fazla aktarılabilir tork tahminleyici ise öncelikle sürüş kuvvetini 
bulup bu değeri aracın özelliklerine göre değişen bir çarpım değeriyle çarpıp en fazla 
aktarılabilir torku elde ediyor. Bu değeri doyma değeri olarak kabul edip sürücüden 
gelen tork değeri doyma değerinden yüksek ise motora gönderemektedir. Böylece 
torku düzenleyip aracın güvenli bir şekilde yoluna devam etmesini sağladığı 
gözlemlenmiştir. 
Model takip kontrol sistemi iki çekişli bir araçta doğrudan yalpa kontrolünün (direct 
yaw control) alt sistemi olarak konulmuş ve MATLAB/SIMULINK kullanılarak 
benzetimi elde edilmiştir.Burada amaç aracın direksiyondan kaynaklanan açı 
değerine karşılık gelen yalpa oranına en uygun hareketi yapmasını 
sağlamaktır.Böylece çekiş kontrol sisteminin yanal dinamiklere ve yalpa oranına 
olan pozitif etkisi gözlemlenebilmiştir. 
Çalışmanın son kısmında öncelikle simülasyonlarda kullanılan sürtünme-kayma 
eğrilerinin doğru olarak seçildiği ve seçilmediği durumlarda araca gönderilen tork 
değerleri karşılaştırılmış. Daha sonra İTÜ Mekatronik Eğitim ve Araştırma 
Merkezinde bulunan elektrikli araçtan kardioid mikrofon, yükselteç, DC-AC 
dönüştürücü, Pentium(R) Dual-Core CPU T4200 2 GHz işlemcili dizüstü bilgisayar 
ve Gold Wave isimli program kullanılarak kar, asfalt, çakıl, taş yoldan yaklaşık 12 
saniyelik ses dataları toplanmış. Bu dört ses datasından rastgele 0.1 saniyelik 30 adet 
örnek alınarak MATLAB/AUDIO SIGNAL PROCESSING araçları kullanılarak 
lineer tahmin katsayıları (linear prediction coefficients), güç değerleri ve cepstrum 
katsayıları elde edilmiştir. Bu değerler incelenip 30 ses datası için varyanslar 
hesaplanmıştır. En küçük varyansa sahip olanlar kullanılarak özellik vektörleri elde 
edilmiştir. Bu elde edilen özellik vektörleri içindeki sayısal değerler 
MATLAB/ARTIFICIAL NEURAL NETWORKS (yapay sinir ağları) araçları 
kullanılıp %90 oranında doğru sınıflandırma performansı ile tanımlanabilmiştir. Bu 
sınıflandırma için 3 gizli katmana sahip sırasıyla 30, 30 ve 20 nörona sahip yapay 
sinir ağı oluşturulmuştur. Birinci ve üçüncü katmanda transfer fonksiyonu olarak 
tanjant sigmoid, ikinci katmanda ve çıkış katmanında ise saf lineer kullanılmıştır. 
Ayrıca datanın %80’i öğrenme için, %10’u doğrulama için ve kalan %10’u ise test 
için kullanılmıştır. Elde edilen %90 oranındaki doğru sınıflandırma yol ile teker 
arasından elde edilen ses verileri kullanılarak yol karakteristiklerini tahmin etmenin 
mümkün olabileceğini göstermiştir. Bu tahminleme, simülasyonlarda kullanılan ve 
yolun karakteristiğine göre değişen sürtünme-kayma eğrilerinin yol ile teker 
arasından gelen ses datasına doğru olarak seçilebileceğini göstermiştir. Başka bir 
deyişle yol karakteristiğini tahminleme yapılan çalışmaların daha faza sayıda sensore 
ihtiyaç duymadan tanımlanan sistemlerin gerçek araç üzerine uygulanabilirliğini 
arttırmıştır. 
Yapılan bu çalışmalarda geleceğin araçları olarak nitelendirilen elektrikli araçlarda 
farklı çekiş kontrol sistemlerinin kolaylıkla tasarlanabileceği ve akustik sensorlerle 
yol ile lastik arasından alınan verilerin elektrikli araçlarda aktif güvenlik 
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sistemlerinde diğer önerilen sistemlerden daha düşük bir maliyetle kullanılabileceği 
gösterilmeye çalışılmıştır. 
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1.  INTRODUCTION 
1.1 Aim and  Scope of the Thesis 
This work has been performed to analyze, simulate and compare several methods in 
Traction Control Systems (TCS) design for Full Electric Vehicles with the motor-in-
wheel configuration. After careful comparison between several approaches, the most 
important issue in TCS design is found to be the estimation of friction characteristics 
of the particular road condition which may depend on the road texture and wheather 
conditions. In the scope of this thesis, a low-cost method for estimation of the road 
condition is employed using only the acoustic data obtained by a cardioid 
microphone placed towards the contact area of road and the wheel. 
 In brief, this work surveys TCS application methods for full Electric Vehicles and 
compares them in terms of their effectiveness and contribution to stability, 
suggesting new control system configurations. In addition to this, a low-cost acoustic 
data analysis system was suggested to estimate friction characteristics of the road 
improving the TCS performance.  
1.2 Background on Traction Control Systems 
1.2.1 Conventional traction control system 
Traction control systems generally control brakes and motor together to increase the 
traction forces between the road and the wheels of the vehicle. In general, traditional 
vehicles with internal combustion engines already have an ABS (anti-lock braking 
system) if they have a TCS. Furthermore, it can be said that TCS needs ABS as a 
subsystem to work. The two sub-systems also share the same speed sensors for the 
feedback on skidding and wheel-slip conditions [1]. 
ABS has a hydraulic system that can control the brake pressure on each wheel. TCS 
uses ABS as a sub-system or ‘means’ to reduce wheel speed when the skidding 
condition occurs and it applies a braking force [1]. 
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TCS also needs ECU (electronic control unit) since the critical situations are detected 
by ECU via the speed sensor and the commands are sent to TCS by ECU as well. 
After getting the commands, TCS controls motor power and reduces wheel speed 
using following critical sensing and/or control points: (a) gas pedal sensors (b) 
injectors (c) ignition equipment (d) fuel valve [1]. A conventional traction control 
system can be seen Figure 1.1. 
 
Figure 1.1 : Conventional traction control system [2]. 
Operating principles of TCS can be explained as follows: (1) The skidding condition 
is detected using the data given by speed sensors, (2) If one of the wheels is detected 
to be skidding, TCS becomes active, (3) TCS applies one of the three options 
according to the dynamic situation of the skidding [1]:  
(Option I): TCS uses ABS as a subsystem to apply brake to the skidding wheel. 
(Option II): TCS interferes with injector, ignition equipment and fuel valve and 
reduces skidding wheel speed. 
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(Option III): TCS uses both options I and II simultaneously. 
1.2.2 Advantages of traction control system 
The main advantages of TCS application can be listed as follows [3]: 
1. TCS increases driving safety because it stabilizes the vehicle. 
2. TCS provides long tire life because it regulates the tire-road adhesion forces. 
3. TCS provides safe operation at every road condition and easier start-up 
because of torque control.  
4. TCS provides longer life span for mechanical assembly of the transmission 
line i.e. axle, gearbox. Because TCS avoids to work into needlessly. 
5.  TCS provides extra safety when driving on slippery roads and bends. 
1.2.3 Advantages of TCS applications in full electric vehicle 
There are extra advantages of a TCS when it is used in Electric Vehicles. These 
advantages are explained in detail as follows [4]: 
1.2.3.1. Quick and accurate torque generation 
Electric motor can generate torque response in a few miliseconds. Therefore, it is ten 
to one hundred times faster than internal combustion engine based indirect torque 
control via ignition equipment, injection mechanism or fuel valve or hydraulic 
braking system in ABS. Feedback control and changing vehicle characteristic is 
enabled by the fast torque response in Electric Vehicles [4]. 
1.2.3.2. Individual in-wheel motors 
Electric motors are located in each wheel to generate torques which can be in reverse 
directions on left and right wheels. Electric motors located on each wheel can affect 
the performance of the vehicle stability through the use of systems such as VSC 
(vehicle stability control) and DYC (Direct Yaw Control) as mentioned in Hori’s 
work [4].However, using distributed motor location and individually controllable and 
variable torque values is impposible for Internal Combustion Engine Vehicle. 
1.2.3.3. Easy torque measurement 
Driving or braking torque of electric motor have much smaller uncertainty than 
internal combustion engine or hydraulic brake. Motor current gives information on 
torque value. For example, if a simple driving force observer is designed, driving and 
braking force between tire and road surface can be estimated. Therefore,  it provides 
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advantage for the application of new control strategies which is based on road 
condition estimation [4]. 
1.3. Literature Survey on Traction Control Systems for Full Electric Vehicles 
Application of traction control or other sub-systems of active safety in full electric 
vehicle is not a novel idea and it has been explored by several researchers. A great 
amount of the findings and progress has been achieved and reported by Youchi Hori 
and his research team in Hori Lab at Tokyo University, Japan [5]. In [4], a future 
vehicle driven by wheel-in-electric motors is suggested to realize several active 
safety control systems, such as traction control and vehicle motion control as a 
combined scheme, seen in Figure 1.2. 
 
Figure 1.2 : The full control system to be realized in future electric driven vehicles 
                       suggested by [4].  
Hori suggests [4] several control systems applications for full electric vehicles. These 
applications can be divided to following main categories (a) adhesion control of tire 
and road surface, (b) high performance braking control, (c) two-dimensional attitude 
control and (d) road surface condition estimation. These categories can offer several 
application possibilities 
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in combination with other low or high-level controllers to obtain overall safety of the 
vehicle. These possibilities are summarised in Table 1.1. In other works of the same 
research group. 
Table 1.1: Applications of active vehicle safety for electric vehicles according to [4]. 
a) Adhesion 
control of 
tire and 
road 
surface 
b) Higher 
performa
nce 
braking 
control 
c) Two-
dimensional 
attitude 
control 
d) Road surface 
condition 
estimation 
    
 Model 
following 
controller 
(MFC) 
 Slip Ratio 
Control 
(SRC) 
 Co-
operation 
with higher 
level 
control 
such as 
Direct Yay 
Control 
(DYC) 
 Wheel skid 
detection 
without 
vehicle 
speed info. 
 Pure 
electric 
braking 
control in 
a whole 
speed 
range 
 Hybrid 
ABS for 
HEV 
 Direct 
control of 
driving 
force at 
each 
wheel 
separately
. 
  Decoupling 
the control of 
side slip angle 
and yaw rate 
 Higher 
performance 
coordination 
of Active 
Front Steering 
(AFS) and 
DYC. 
 Vehicle 
Dynamics 
control based 
on side slip 
angle 
estimation 
 Driving force 
distribution 
considering 
side force and 
cooperation 
with 
suspension 
system under 
changing 
load. 
 Estimation of 
gradient of 
mu-lambda 
curve 
 Estimation of 
the maximum 
friction 
coefficient  
 Estimation of 
the optimal 
slip ratio to be 
used fopr 
SRC. 
 Higher 
performance 
Direct Yaw 
Control   
based on the 
estimation of 
road surface 
condition. 
Traction control of EV is focused in [6] by combining model following controller 
(MFC), slip ratio controller (SRC) and estimation of road condition. In [6], the state 
of art traction control is mentioned and several ways of achieving traction control in  
traditional internal combustion engine vehicles (ICV) are compared in terms of 
controllability, response, cost, operation feeling and overall rating of performance. 
From this table, the best traction control application for ICV is engine and brake 
controls together. In this conetxt, EV allows controlling thetraction forces with a 
low-cost, quick response system with much easier controller design routine.  
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In [7], a general motion control for EV with four independently driven in-wheel 
motors is reported. In this motion control, especially lateral vehicle dynamics has 
been examined and a robust model matching controller (R-MMC) is proposed for 
controlling the yaw rate of thevehicle. Although R-MMC was generally sucessful in 
simulations, it was found to be causing instability on slippery roads due to saturation 
of traction force on low µ-conditions. In the same work, they presented a skid 
detection system without using any absolute wheel velocity. The skid detector was 
tested on dry asphalt and snow conditions and was found to be successful to stabilize 
the vehicle on cornering maneuvers. 
Road conditions play a very important role in determining the traction forces 
between the road and the wheels. For this reason several methods are suggested to 
estimate the road conditions to be used in traction control algorithms. In [8], Sado 
et.al.suggests an estimator of road conditions using a force observation scheme. In 
this work, they estimated the road friction coefficient using the driving force 
observer with a very simple structure. It would have been very difficult to estimate 
the driving force in an ICV-based system,pointig out this difference,  once again they 
emphasized the advantages of EV-based systems. Furthermore, in [9] Furukawa 
et.a1.reported a collection of advanced estimation techniques of road surface 
conditions to be used in electric vehicle control systems. In that work, they 
mentioned the force observer approach, however added another method based on the 
friction coefficient and slip ratio (i.e. mu-lambda characteristics) relationship using 
tire brush model. In order to estimate the optimum slip ratio for the particular road 
condition, a geometric similarity based method using the fuzzy modeling is 
employed. As a novel estimation technique, the vibration characteristics of the 
vehicle is used to estimate the road conditions without using chassis velocity. In the 
vibration-based method, a transfer characteristic from wheel speed to driving force is 
examined by short-time Fourier Transforms using real experimental data.  
Another important factor affecting the traction force is slip ratio at particular road 
conditions. More interestingly, this ratio can be easily controlled in Electric Vehicles 
with motor-in-wheel configuration. If the optimal slip ratio can be estimated for the 
particular road conditions, the traction force can be kept at the maximum value to 
give longitudinal and lateral stability for the vehicle. Therefore, this option of 
traction control scheme has been also explored by Kataoka et.al [10] employing 
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fuzzy inference. The system has been tested using a simulation and not tested on real 
road experiments, however, the effctiveness of the fuzzy inference has been verified. 
Although the authors state that the fuzzy based system has been tested on real 
vehicle, no experimental results has been given in literature. 
 The exploration of this rich area has resulted in MFC (model following controller), 
SRC (slip ratio control), DYC (Direct yaw control), road condition estimators and 
optimal slip ratio controllers. Finally, in 2009, Hori Lab suggested a novel traction 
control for EV based onmaximum transmissible torque estimation known as MTTE 
[11]. In MTTE method, an innovative controller follows the estimated torque value 
without delay and constrains the torque value so that there is no slip. The method has 
been proven to be more practical both in simulation and on the real vehicle. The 
logic behind MTTE is that if the wheel and chassis accelerations are well controlled 
the difference between the wheel and chassis velocities are well controlled as well. In 
this work, they showed that electric motors can act not only as actuators but also as 
as a state estimators because of their inherently fast and accurate torque response. 
MTTE was proved to be more effective than the MFC in terms of the good trade-off 
between antislip performance and control stability. 
In addition to systems directly using chassis velocity, wheel velocity, and motor 
torques auxiliary estimation methods are proposed to predict the road conditions such 
as acoustic measurements. [12] By employing acoustic measurements, different road 
conditions can be estimated employing a data collected from a real EV as a training 
set and using the separate test data to validate the system and measure its 
performance of estimation accuracy. 
In order to give more detail on these systems, estimation methods and control 
methodologies, each of them will be examined under separate titles in the next 
sections. 
1.3.1. Model following controller (MFC) 
Model following controller consists of two parts: real vehicle body and dynamic 
model of vehicle body. Although real vehicle body can include slippery road 
conditions, model of vehicle body always assumes nonslippery road conditions. 
If there is no slip, MFC does not generate an output signal. Command torque goes to 
electric motor in the same way.But if there is slip, the actual wheel speed increases 
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immediately. After speed difference between model and real vehicle is passed 
through a high-pass filter and amplified, it serves as a negative feedback signal to 
generate motor current command. Therefore, actual motor torque is reduced quickly 
in reaction to observed increase in slip. In brief, MFC approach is based on 
controlling wheel velocity of vehicle which is driven on a slippery road by 
comparing wheel velocity of a vehicle which is driven on a dry road without slipping 
[6], seen in Figure 1.3. 
 
 
Figure 1.3 : Block diagram of MFC [6]. 
Moment of inertia values for real vehicle and for the model vehicle can be expressed 
in (1.1) and (1.2) as follows:  
        
                                               (1.1) 
            
                                            (1.2) 
MFC does not need chassis velocity information. It uses torque and wheel rotation as 
input variables. Though MFC system is easy to formulate and a simple system to 
understand basic TCS principles applied on an EV theoretically, it is difficult to put 
the system in practice. The reason fort he difficulty is that MFC uses    value in the 
block diagram directly without any calculation or estimation based on real-time 
conditions. Also MFC is independent from road conditions. Therefore, it may not 
give reliable results all the time. 
 9 
 
If MFC had the detailed vehicle model which includes frictional chacteristics 
between tire and road, slip estimator depending on environmental situations and used 
values from angular velocity measurements, it would have been more reliable and 
more practicable system for EV.  
1.3.2. Slip ratio controller (SRC) 
Slip ratio controller is a more precise approach compared to MFC and it directly 
regulates slip ratio. The armature current is generated based upon the estimated slip 
ratio, which is also the command, drives the EV motor. The slip ratio and torque is 
taken as outputs from the combined motor and EV model. EV torque is in turn used 
to estimate driving force since the information about the vehicle and road interaction 
is somehow hidden in the demanded torque value. Then road conditions can be 
estimated to reach optimal slip ratio for that particular road condition. Therefore 
appropriate current which depends on optimal slip ratio, can be obtained and 
compared with command current in a cycle.  In summary, slip ratio controller 
regulates slip ratio within desired range and decides optimal slip ratio by using road 
condition estimation as shown Figure 1.4. 
 
Figure 1.4 : Full block diagram of optimal slip ratio control system [10]. 
Since the SRC is a more advanced method than MFC, it will be explained in a more 
detailed way here including the derived vehicle model and the road condition 
estimation methods. 
1.3.2.1 Vehicle model in SRC 
It is assumed that two motor torques and friction forces are the same in the left and 
the right handside of the vehicle. In addition, the air drag and rolling resistance is 
assumed to be small enough. SRC system calculates wheel velocity and vehicle body 
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velocity in a cycle to reach slip ratio in vehicle block in the diagram. Therefore,µ is 
obtained by using µ-λ characteristics depending on the road conditions, seen in 
Figure 1.5. All vehicle model block diagram can be seen in Figure 1.6,and equations 
are shown below [6]. 
                                                                             (1.3) 
     
    
                                                   (1.4) 
  
   
   
                                                      (1.5) 
                                                              (1.6) 
                                                           (1.7) 
 
Figure 1.5 : µ-λ characterisrics used in vehicle model [6]. 
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Figure 1.6 : SRC vehicle model [6]. 
1.3.2.2 Road condition estimators 
1.3.2.2.1 Based on force obsevration 
Vehicle behavior is decided by driving force    shown in Figure 1.7. As shown in 
(1.8) driving force is given by using frictional coefficient   and normal force  [9]. 
                                                            (1.8) 
 
Figure 1.7 : Driving force between tire and road in one wheel model [9]. 
Frictional coefficient   is the function of slip ratio   shown in Figure 1.8 and this 
curve is called     curve [9]. 
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Figure 1.8 : Charecteristic of μ-λ curve [9]. 
The performance of driving force is affected by the relationship between  and   , 
which has non-linear characteristic with peak value      .The slip ratio       where 
fricitonal coefficient has        changes usually from 0.05 to 0.2. [9]. 
Vehicle is in stable region in adhesion state:  ≤     , wheel is accelerated and big 
spin occurs in skid state:    ≥    . Therefore, road surface condition estimation is 
used to keep vehicle in stable region. In other words, it estimates the stability limit 
between adhesion and skid states [9].  
As shown above, the information of friction   is indispensable for road surface 
condition estimation. However it is imposible to directly observe driving force 
between tire and road, therefore observer is needed to estimate driving force [9]. 
Driving force observer which is based on the driving force equation (1.9) uses first 
order derivative of  , which induces higher frequency noise from differential 
operation. Therefore, low pass filters are needed as seen in Figure 1.9. 
    
 
 
     
  
  
                      (1.9) 
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Figure 1.9 : Block diagram of the driving force observer [9]. 
After driving force is observed,  gradient which is given by (1.10), can be estimated 
with frictional coefficient and slip ratio. They can be detected by driving force 
observer and wheel velocity as mentioned above. Hence, the frictional characteristics 
between tire and road can be known easily [13].When the slope is positive, tire and 
road are in adhesive condition and when sliding condition occurs, it is negative [8]. 
   
  
  
 
  
  
  
  
                  (1.10) 
1.3.2.2.2. Road condition estimation based on acoustic data 
Precise and quick estimation of the road surface condition is very essential.Although 
there are many estimation methods for conventional internal combustion engine, 
which depend on the vehicle and tyre dynamics, they are not robust againist 
vehicle/tire model changes [12].  
Acoustic approaches can be used as a methodology to estimate the road surface 
condition without depending on mechanical dynamics. Because acoustic signals 
contain direct information on the condition of the road surface such as road texture, 
water splash. and they are highly reliable estimation technique [12]. 
Acoustic principles are used in [12], experiments were conducted on dry and wet 
asphalt with in-wheel-motor-driven (IWM) vehicle and road-tire running noise was 
recoded with PCM (pulse code modulation) recorder which was attached to the 
bottom of the vehicle near front wheel to avoid motor noise at the sampling 
frequency of 44.1 kHz, seen Figure 1.10. Additionally, a streamline-shape wind 
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blocker was designed in fron of the acoustic sensor to avoid noise caused by wind. 
The vehicle dynamics data were recorded at the sampling frequency of 1 kHz 
synchronized with acoustic signal. 
 
Figure 1.10 : Recorder installation on IWM EV [12]. 
Tests were performed over around 120 seconds period on each of the road conditions 
when the vehicle was driven randomly at the 0-7 m/s speed range [12]. Data were 
analyzed with MATLAB tools.Firstly FFT was applied to data to compare. Then 
they were sent to a high pass filter with the cut-off frequency of 4 kHz. Then filtered 
data were taken into a process to calculate RMS value and compared with threshold 
in order to estimate road friction coefficient as seen in Figure 1.11. 
 
Figure 1.11 : Block diagram of the signal processing flow [12]. 
Acoustic method for road condition estimation can detect road condition accurately 
and can send information to the controller on board instantanesously. On the other 
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hand, conventional method uses some estimated parameters to estimate the road 
surface condition. Therefore,  it cannot be accurate all the time [12]. 
It is fair enough to emphasize that estimation of  road surface condition accurately 
and on-time is very important for traction control system. One of the estimation 
methods is based on acoustic data processing which is mentioned above and it can be 
easily used in road condition estimator block in optimal slip ratio control as seen 
Figure 1.12. 
 
Figure 1.12 : Block diagram of optimal slip ratio controller with acoustic signal 
                           input added [12]. 
1.3.2.3 Optimal slip ratio estimator based on fuzzy inference 
Optimal slip ratio control has to be applied to prevent skidding. This control type 
provide feedback to keep slip ratio at the optimum value which in turn gives 
maximum driving force. Here, the remaining problem is to find an appropriate way 
to generate the reference optimal slip ratio to be tracked.There are different methods 
to estimate      value. One of them is a simple gradient method. Algorithm for this 
method is as follows [10]. 
Step 1: Let the initial value         be          and let     
Step 2: If    
  
  
    (zone),stop. 
Step 3:Generate a new           
Equation (1.11) defines a simple gradient method. In (1.11),    must be adjusted for 
every road condition and different procedures should be applied for left and right 
 16 
 
side of       to apply this method for estimating  the optimal slip ratio. It is very 
difficult in pratice for linear operation especially when   has an estimation error and 
  has high level noise [10]. 
                   
  
  
                        (1.11) 
On the other hand, fuzzy inference system has advantages such as incorporating data 
and improving estimation performance by accumulation of human experience. 
Therefore, fuzzy inference system is improved to get an easily performed estimation 
for slip ratio. Thus, it allows easy incorporation of human empirical rules even if 
there are signal errors or noise content [10]. 
The geometrical features of      curves which are different from each other  and 
depending on the particular road condition, are utilized in estimation of      as 
shown Figure 1.13.  is used to estimate               roughly.     is a variable 
that depends on the road conditions. Therefore, four virtual roads are assumed 
ASPHALT, GRAVEL, SNOW, and ICE which are reprensented by numerical values 
to define the best approximates of the actual road traction conditions [10]. 
 
Figure 1.13 : Geometrical characteristic of  μ-λ curve [10]. 
Optimal slip ratio estimator based on fuzzy inference have two kinds of processing in 
paralel as shown Figure 1.14 which is detailed through Figure 1.15, Figure 1.16, 
Figure 1.17,Figure 1.18, and Table 1.2. It  provides a numerical representation of the 
road conditions by applying fuzzy inference based on       [10] . 
It estimates      for each of four virtual road types from   and   based on the 
geometrical properties [10]. 
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After these two parallel processing, the average optimal slip ratio is calculated by 
weighting according to road conditions as expressed in (1.12). 
 
     
                               
           
                                (1.12) 
 
Figure 1.14 : Operation of the optimal slip ratio generator [10]. 
 
Figure 1.15 : Fuzzy variable of λ [10]. 
After fuzzyfying  , we have two separate fuzzifications as well: 
1) For    small 
2)   middle-small, middle-big and big 
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Figure 1.16 : Fuzzy variable of μ in cases of λ=small [10]. 
 
Figure 1.17 : Fuzzy variable of μ in cases of  λ=middle-small, middle-big and big 
                         [10]. 
 
Figure 1.18 : Fuzzy variable of L [10]. 
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Table 1.2: Relation between L and λopt / λ  [10] 
 
 takes a wide range of values for its positive values. It can be small value about 0.1 
for        and also it can be several tens for      Therefore, in order to use   
which is defined in Eq. (1.13) is suitable instead of direct use of   [10]. 
                                                            (1.13) 
When   is negative, there is no effective way to estimate     . Therefore the value 
found from Eq. (1.14) is assumed for negative values of   [10]. 
        [   ]          [ ]                                     (1.14) 
Consequently fuzzy inference system can be used to estimate optimal slip ratio easily 
on road which can consist of several kinds of components such as gravel, asphalt and 
similar road construction material. 
1.3.2.4 Slip ratio controller 
Equation (1.15)can be derived from Eq. (1.3). As seen (1.10),  is defined as the 
gradient of     curve. By combining (1.15) and (1.10) with the perturbation forms 
of (1.4) and (1.5), the transfer function from motor torque to slip ratio is reached in 
Eq. (1.16) [6]. 
   
  
   
   
  
   
                                           (1.15) 
  
   
 
       
    (         )      
                                      (1.16) 
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In [6], a simple proportional integral (PI) controller with a variable gain is used as 
the slip ratio controller given by (1.17) as depicted in Figure 1.19. Its nominator 
compensates for pole of the transfer function given in Eq. (1.16). 
 
    
 
                                                       (1.17) 
 
Figure 1.19 : Block diagram of slip ratio controller [6]. 
1.3.2.5 Advantages and disadvantages of SRC 
Although SRC is effective and comprehensive method, it uses estimated parameters 
to estimate other parameters. Therefore, it cannot be accurate all the time. If acoustic 
method can be improved and adapted in SRC, the system can be more reliable since 
it does not depend on a double estimation process but the direct measurements in 
real-time. Moreover, different     curves are available for different kinds of road 
condition in the vehicle model in SRC scheme. However, there are not any known 
system to select the correct     curves matching the actual road conditions and 
they are and currently they are inserted in the simulation by the researchers on a 
random basis. Hence, SRC system need at least a rough estimator for the current road 
condition to place the corresponding      curve in the control loop. By examining 
this work we concluded that alternative ways such as acoustic acoustic sensors can 
be used to estimate the road condition in real-time and select the correct     curve. 
1.3.3 Maximum transmissible torque estimation method (MTTE) 
Generally traction control systems needs chassis velocity. Optical sensors or sensors 
of magnetic markers which are too sensitive on the driving environment and too 
expensive to be applied in actual vehicles, can obtain chasis velocity. Therefore 
sensors is not applicable when the vehicle is accelerated by 4WD systems or 
decelerated by brakes equipped in these wheels.Some anti-slip control systems uses 
Magic Formula which can be represented  as     curve or       function to realize 
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optimal slip ratio. These systems not only need extra sensors for acquistion of chassis 
velocity or acceleration but are also more difficult to realize because the tuned 
algorithms for different tire-road conditions can not adapt quickly to significant 
variations [11]. 
Some of control systems such as MFC does not need chassis velocity information. 
These controllers use torque and wheel rotation as input variables. Fewer sensors 
contribute not only to lower cost but also higher reliability and greater independence 
from driving conditions.On the other hand, there is another alternative traction 
control system which is based on the maximum transmissible torque estimation 
(MTTE). It requires neither chassis velocity nor tire-road condition information. It 
only uses torque reference and the wheel rotation to estimate the maximum 
transmissible torque to the road surface. After that, estimated torque is applied to the 
wheel for antislip control implementation [11]. 
Inter-relationships between slip ratio and friction coefficient can be described by 
various formulas. Here, as shown Figure 1.20, Magic Formula is applied to build the 
vehicle model which is defined as one-wheel model using equations 
(1.18),(1.19),(1.20),(1.21) [11]. 
   ̇            (1.18) 
     ̇                                             (1.19) 
                                                             (1.20) 
                                                              (1.21) 
 
Figure 1.20 : One – wheel model with magic formula [11]. 
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MTTE tries to avoid using complicated     relation. Only dynamic relation 
between tire and chassis is considered based on the following considerations [11]: 
1) Kinematic relationship between wheel and chassis is always fixed and known 
2) During acceleration, control of velocity difference between wheel and chassis 
is more important than absolute maximum acceleration. 
3) If wheel and chassis accelerations are well controlled, it means difference 
between wheel and chassis velocities, thus the slipratiois also well controlled. 
 When slip occurs, difference between the velocities of wheel and chassis becomes 
larger and accelerations of wheel is larger than chassis. According to Magic Formula 
the difference between accelerations will increase with the slip. Therefore, an 
appropriate difference between chassis velocity and wheel velocity is necessary to 
provide the friction force. This approximation can be described by a relaxation factor 
i.e.   which is given in Eq. (1.22) [11]. 
  
 ̇ 
 ̇ 
                                            (1.22) 
To satisfy the condition that slip does not ocur or become larger,  should be close to 
1.     must be reduced by decreasing   with a designed   on slippery road [8]. 
    is calculated as 
        (
  
    
  )            (1.23) 
Eq.(1.23) means    allows a certain maximum torque output from wheel so as not to 
increase the slip.    which will result in an over-evaluation of      , is assumed 
zero.  and  are assumed constant. Consequently the proposed controller can use 
     to constrain the torque reference if necessary [11]. 
The torque controller is designed as in Figure 1.21 in which the limiter with a 
variable saturation value is expected to realize the control of torque according to the 
dynamic situation. Under normal conditions, the torque references are expected to 
pass through the controller without any effect. Otherwise the controller constrains the 
torque output [14]. 
 |    |   
  |    |    
                             (1.24) 
   |    |   |    |                                 (1.25) 
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    |    |    |    |                                        (1.26) 
To sum up, estimator feeds driver torque into inverter and rotation velocity to 
compute the friction force and then maximum transmissible torque is calculated. 
Low pass filter is used to avoid the phase shift and to keep signals at the required 
phase. Time constants are set 0.05 as experimental evidence. Finally controller uses 
this torque value as a saturation value to limit the output value [11]. 
 
Figure 1.21 : Control system based on MTTE [11]. 
MTTE method is suitable because of its applicability and it eases to implement. 
Because it needs less sensors and less estimation process. This stiuation provide less 
complicated system to implement when correct magic formula is selected at the right 
time. 
1.3.4  Direct yaw control (DYC) 
MFC, MTTE and SRC systems are based on longitudinal dynamics for TCS. But one 
of the advantages of EVs is using motors in each wheel and driving these motors 
independently for a distributed torque control. If left and right motors yield different 
torques, yaw moment is generated on the center of axle. Appropriate yaw moment 
stabilizes the vehicle behavior in dangerous turning [15]. Yaw moment which is 
generated by difference of longitudinal driving torques between left and right wheels, 
can control and is used for positive effect with yaw control approaches. One of these 
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methods is Direct Yaw Control (DYC). In this method, yaw rate command is formed 
using steering angle with first order delay. Then yaw rate which comes to the real 
vehicle model, is controlled a PI controller. Driving force is distributed based on Eqs.  
(1.27),(1.28). MFC (Fig. 1.22) system is in the loop for each motor in a cycle as 
shown Figure 1.23. Thus yaw rate follows the command and DYC suppresses 
dangerous yaw rate increase [15].  
                                                            (1.27) 
  
 
 
 
  
 
 
  
 
                                                  (1.28) 
 is control input,      is acceleration input,      are right and left torque,   is legth 
of axleand   is radius of the wheel [16].  
 
Figure 1.22 : MFC system used in DYC [15]. 
In DYC vehicle’s lateral and yaw motions can be expressed as follows [17]. 
            (   
  
 
    )      
  
 
                  (1.29) 
   ̇   ̇     (   
  
 
    )       (
  
 
    )                (1.30) 
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Figure 1.23 : DYC control system [15]. 
DYC system is easy and effective to use. However, its blocks which uses estimated 
parameters must be improved to get more reliability. As metioned before, MFC is a 
very crude approach. MTTE or SRC are more reliable and easier to implement 
compared to MFC, therefore, they can be more suitable. 
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2. COMPARATIVE MODELING OF TRACTION CONTROL FOR EV 
Firstly, MFC, SRC and MTTE systems were simulated using MATLAB/SIMULINK 
tools and are compared to observe differences, advantages and disadvantages 
between them. Then, DYC systems which includes the application of MFC as a sub-
system was simulated to demonstrate that the better control in traction forces 
enhance lateral dynamics of the vehicle as well. 
2.1 Model Following Control (MFC) 
Firstly, real vehicle model without control and a vehicle model with MFC system are 
compared to understand how MFC systemworks.In this method input current value 
(      is given according to flowing traffic condition and context, such as normal 
highway driving with constant torque requirement, bumpy road with different torque 
demand segments and traffic jam in an urban scenario as seen Figure 2.1. Slip ratio is 
given randomly to simulate a variety of road conditions with good and bad 
conditions of road patches as seen Figure 2.2. 
 
Figure 2.1: Input current (Ampere-sec) diagrams used as inputs in MFC and real  
                       vehicle model. 
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Figure 2.2: Slip ratio input diagram for MFC (for representing road patches with  
                      different surface conditions forcing the vehicle to adapt rapidly   
                      changing adhesion properties. 
When there is no slip, actual   is almost equalto      . No signal is generated from 
MFC controller when there is no slip. If the tire slips, actual wheel speed increases 
immediately. However, the model wheel speed does not increase. By feeding back 
the speed difference as an error signal to adjust the motor current command, the 
actual motor torque is reduced quickly. The error signal is passed through a highpass 
filter to avoid the offset errors. When the motor current is regulated like this it 
induces re-adhesion [18].MFC feedback gain is taken as thirty and constant 
command of 300 A is taken from the original publication [18].Simulation is 
implemented for vehicle which has 1400 kg mass, 0.28 m tire radius and 0.6 kgm
2 
wheel inertia. Time constants and current-torque gains are chosen as exaggerated 
values to easily observe the result as shown inFigure 2.3 and Figure 2.4. 
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Figure 2.3 : Real vehicle model without MFC. 
 
Figure 2.4 : MFC (Model Following Control) applied vehicle model 
This simulation is based on between ideal and real angular velocities to keep real 
velocity near the ideal velocity.Therefore results shows that MFC system avoids and 
suppreses sudden increase  in angular velocity  of the wheel using ideal angular 
velocity value as seen Table 2.1.However, it should be noted that this method is a 
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very rough approach. Because slip is given as an input value readily to the system 
and it doesn’t use any real-time tire-road dynamics which might be  important to 
represent the current dynamic condition in which the vehicle is traveling. 
Table 2.1 : MFC and EV without MFC angular velocity-time (rad/sec-sec) diagrams. 
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Results show that real vehicle without MFC does not obstruct the driver 
command.Vehicle executes driver commands completely even there is a dangerous 
stiuation.MFC applied vehicle model compares real angular velocity with ideal 
angular velocity. If they are not equal, difference of them decreases the command 
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current. Therefore real vehicle angular velocity is equal to ideal vehicle angular 
velocity.  
2.2  Slip Ratio Control (SRC) 
Optimal slip ratio control is a more precise approach that regulates the slip ratio 
within a specified range. When the optimal slip ratio is decided by the road condition 
estimator, the slip ratio controller receives the command and works to realize the 
optimal slip ratio [18].  
   curvelet the system get the information on the chassis velocity and wheel 
velocity without using extra sensors. Therefore, firstly      curve is identified as 
seen Figure 2.5and then it is inserted into the EV motor model.  
 
Figure 2.5 : μ-λ characterisric used in simulations [6]. 
After the characteristic     curve is implemented the EV motor model is adjusted 
for a vehicle of 1000 kg mass. The motor, transmission line and the tire has a total 
intertial moment of 100 kgm
2 
with a 0.28 m tire radius. In this simulation rolling and 
air resistance was not neglected as seen inFig 2.6. Rolling resistance is assumed 
constant for 140 N using (2.1). and air resistance is taken into consideration in the 
simulation. 
                                                          (2.1) 
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Figure 2.6 : EV motor model for SRC. 
To estimate the driving force between the wheel and the road, the nominal inertia is 
assumedto be 0.9   and low pass filteris used to avoid higher frequency noise.After 
these adjustments and corrections, driving force observer is implemented as shown in 
Figure 2.7. 
 
Figure 2.7 : Driving force observer model. 
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Observed driving force output is used to calculate estimated friction and estimated 
friction slope to calculate finally the optimal slip ratio using fuzzy inference 
employed inside the optimal slip ratio estimator as seen in Figure 2.8. 
 
Figure 2.8 : Optimal slip raito estimator using Fuzzy Inference. 
Difference of optimal slip ratio and real slip ratio is sent to slip ratio controller which 
includes a PI controller to regulate the optimal torque as seen Figure 2.9.Therefore, 
optimal torque can be compared to the actual commanded torque value to provide 
stability of the vehicle.   
 
Figure 2.9 : Slip ratio controller. 
After the simulation structure is decided, then input torque diagrams are identified 
that one of them is constant 300 [Nm] and others are selected to represent a changing 
torque demand road and urban scenario as well as seen in Figure 2.10.  
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Figure 2.10 : Input torque diagrams used in SRC and EV motor without SRC. 
To understand the benefits of SRC, EV motor without SRC is also considered in the 
simulations as seen in Fig. 2.11. The SRC structure consists of EV motor,driving 
force observer, optimal slip ratio estimator and slip ratio controller blocksand all of 
themcan be seenin Fig 2.12.The EV with SRC and EV without SRC structure are 
compared in terms of simulation results and traction stability to see the benefits of 
SRC system better. 
 
Figure 2.11 : EV motor without SRC. 
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For example, if road conditions are analysed in SRC for third torque diagram in 
Figure 2.10,it can be seen that road consists of ice and snow componentsas seen 
Table 2.2. Actuallythese conditions are expectedand fully agrees to the simulation 
settings. Because     curves used in simulations belongs to snowy and ice road. 
The simulation was set with the ice-snow conditions on the road to represent and 
observe the vehicle behavior in dangerous slip conditions and skidding. Table 2.2 
shows the proportions of the road conditions as the fuzzy inference decides its 
proportion of which group it belongs to and it shows clearly that road is estimated to 
be icy. 
Table 2.3 shows slip ratios for three types of current input to EV with SRC and EV 
without SRC.  SRC system stabilizes the vehicle and provide driving safety 
regulating the slip ratio within specified range. Although icy road and snowy road 
are more dangerous than other types of road, SRC system controls slip ratio visibly 
and can reduce the  slip ratio to zero no matter what the road condition is.  
 
 
Figure 2.12 : Block diagram of SRC. 
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Table 2.2 : Road condition rate-time diagrams for third torque diagram in Figure 
                       2.10. 
 Road condition estimation results for third torque diagram in 
Figure 2.10 
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Table 2.3 : SRC and EV without SRC slip ratio-time (λ/t) diagrams. 
 EV motor without SRC SRC 
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2
 
  
3
 
  
 
2.3 Maximum Transmissible Torque Estimation (MTTE) 
Firstly, three types of input torque diagrams are identified for MTTE simulation as 
seen in Figure 2.13 and parameters are taken directly from [19]. Afterwards, EV 
motor model seen in Fig. 2.14 and full model of MTTE seen in Fig. 2.15are 
implemented to simulate MTTE response and its safety enhancing properties.  
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Figure 2.13 : Input torque-time (Nm-sec) diagrams used in MTTE and EV motor 
                          without MTTE. 
 
Figure 2.14 : EV motor model for MTTE. 
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Figure 2.15 : Full model of MTTE. 
The aim of MTTE is to calculate the driving force from the wheel and based on this 
estimates the maximum transmissible torqueis inferred. Given input torques pass to 
motor as an input exactly when they are between the limit values which define value 
of maximum transmissible torque and negative value of maximum transmissible 
torque. Otherwise,the torque command is equal to near limit value. Therefore, the 
slip can be controlled. Namely, MTTE system sets limit torque values. Driver uses 
the vehicle with no interruption from the driver but between limit torque values. If 
driver wants to use vehicle out of limit torque, MTTE send the limit torque to motor.   
Simulation results in Table 2.4 and Table 2.5 show that input torques are cut off 
when they are out of limit values. Namely, wheel velocity and chassis velocity of the 
vehicle do not increase significant amounts.They are suppressed by MTTE. This 
stiuation effects slip ratio positively as seen Table 2.6. 
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Table 2.4: MTTE and EV without MTTE wheel velocity-time (Vw/t )  diagrams. 
 EV motor without MMTE MTTE 
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Table 2.5 : MTTE and EV without MTTE chassis velocity-time (V/t) diagrams. 
 EV motor without MMTE MTTE 
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Table 2.6 : MTTE and EV without MTTE slip ratio-time (λ/t)  diagrams. 
 EV motor without MMTE MTTE 
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2.4 Direct Yaw Control Using Model Following Control as a Sub-System    
(DYC WITH MFC) 
The system is implemented on an EV which has two independent driving wheels 
which assumes a bicycle model for lateral dynamics [17]. Steering angle is 
determined as seen in Fig. 2.16 and enetered to simulation. Input torque value is 
assumed to be constant at 200 N. Firstly, EV without DYC which distributes 200 N 
as 100 N to right wheel and 100 N to left wheel equally as seen in Figure 2.17 is 
analysed. All the vehicle parameters are taken from [20]. 
 
Figure 2.16 : Steering-time (rad-sec) diagram used in DYC with MFC. 
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Figure 2.17 : EV without DYC. 
Then, the same parameters are used in EV model with DYC system as seen in Figure 
2.18. As seen from the simulation results the system with DYC distributes 200 N 
input torque to left and right wheel not equally in demanded correct amounts as it can 
be seen in Figure 2.19 and in Figure 2.20. Using the precise required torque values, 
DYC can enhance the lateral dynamics of the electric vehicle. 
 
Figure 2.18 : Full blocks of DYC with MFC. 
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Figure 2.19 : Torque-time (Nm-sec) diagram on left wheel of EV. 
 
Figure 2.20 : Torque-time (Nm-sec) diagram on right wheel of EV. 
If simulation results are analysed as given in Table 2.7,the positive effects of DYC 
application can beobserved. DYC especially suppresses limit yaw rate increase. 
Therefore, it provides a yaw rate curve very close to the ideal yaw rate curve for the 
vehicle given the road curvature. The signal can be passed through low pass filters to 
get smoother curves as seen Table 2.8. 
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Table 2.7 : DYC and EV without DYC yaw - time (γ/t) (deg/sec-sec) diagrams 
                        which include MFC. 
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Table 2.8 : DYC and EV without DYC,yaw rate-time ( γ/t ) (deg/sec-sec) diagrams 
                    which are passed low pass filter.  
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3. EXPERIMENTAL EVALUATION 
Optical sensors or magnetic markers are very expensive to obtain chassis velocity or 
acceleration of the vehicle. Therefore,     curves are very important information 
piece in any traction control application if the direct measurement of chassis velocity 
is not possible. It could be both feasible and low-cost if we could obtain     
characteristics without extra sensors having high cost and limited availability.  
Each     curve is different and is dependent on the road surface properties. 
Therefore, the main issue is to ascertain the road components. For instance, the 
vehicle which has command torque as seen in Figure 3.1, is assumed to be on 
asphalt, wet asphalt, snow and ice at intervals of five seconds. MTTE is used for 
simulation as seen in Figure 3.2.  
 
Figure 3.1 : Torque-time (Nm-sec) diagram for simulation of varying μ-λ 
                              characteristic to emphasize its importance in traction control. 
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Figure 3.2 : MTTE simulation to identify μ-λ  curve importance. 
If all road is assumed asphalt, torque diagram is obtained in MTTE simuation in 
Figure 3.3. It shows that input torque is equal to command torque. 
 
Figure 3.3 : Torque-time (Nm-sec) input for asphalt. 
If all road is assumed to be icy, torque diagram is obtained in MTTE simulation as it 
is shown in Figure 3.4. It shows that command torque is decreased for driving safety. 
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Figure 3.4 : Torque-time (Nm-sec) input for ice. 
But road isn’t neither asphalt nor icy completely. Assumed road is asphalt, wet 
asphalt, ice and snow at intervals of five seconds as metioned before.If correct   
 curve is used in simulation, Figure 3.5.is obtained as it should be. Input torque is 
equal to the command torque on asphalt part of the road. Command torque is 
decreased when the vehicle is driven on icy part of road.   
 
Figure 3.5 : Desired torque-time (Nm-sec) input. 
According to simulation results above, using correct      curves provide better 
information on the road conditions so that the right torque values fort he particular 
road condition can be applied.  
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In this study, different road surface conditions are considered and acoustic data 
collection is performed to match a particular      characteristic to its acoustic 
signature. The aim of the acoustic data collection is to increase the feasibility of the 
systems presented in simulations in Chapter 2. Acoustic data was collected by using 
a Full Electric Vehicle located at Mechatronics Education and Research Center, ITU, 
a DC-AC converter, a DPA 4012 cardioid microphone, a generic microphone 
amplifier, a laptop which has Pentium(R) Dual-Core CPU T4200 2 GHz processor, 
Gold Wave program was employed as data acquisiton and pre-processing 
environment. The data collection included four types of road: asphalt, gravel, snowy 
and stony as shown in Figure 3.6. Electric vehicle provided quiter environment than 
vehicle which has internal combustion engine during data collection. Foam rubber 
was used to suppress the wind noise. Figure 3.7 shows cardioid microphone pattern 
which means graphical representation of microphone’s directionality. This pattern 
means sound is picked up mostly the front but to a lesser extend the side as well. 
 
Figure 3.6 : Boot of the EV vehicle with acoustic data collection equipments. 
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Figure 3.7 : DPA 4012 Cardioid microphone pattern. 
Microphone is fixed near left rear wheel as it can be seen in Figure 3.8. 
 
Figure 3.8 : Fixing of microphone on electric vehicle. 
In order to demonstrate the value added by acoustic road surface signature detection, 
acoustic datawas collected for four types of road: asphalt, gravel, snowy and stony as 
shown in Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12 when electric vehicle has 
20 km/h constant velocity and they are recorded with 44100 Hz sampling rate using 
Gold Wave software.  
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Figure 3.9 : Waveform of asphalt (air pressure of sound-time). 
 
Figure 3.10 : Waveform of snow (air pressure of sound-time). 
 
Figure 3.11 : Waveform of gravel (air pressure of sound-time). 
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Figure 3.12 : Waveform of stone (air pressure of sound-time). 
Thirty samples were taken from each record of data at intervals of 0.1 seconds 
randomly. In order to represent the road surface conditions as acoustic signature a 
feature vector had to be determined. Classical audio signal processing techniques are 
implemented such as linear predictive codding coefficients, power spectrums and 
cepstrums for determining the best feature vector for representing the data using 
MATLAB/ Audio Processing Tools as seen Appendix A. The elements of the feature 
vector is selected among the features or coefficients with the minimum variance 
within the same class and maximum distance criteria for intra-class separability.To 
observe separability of data, stony road condition data is assumed to be the 
benchmark data and its distance between other data classes (i.e. asphalt, snowy, wet 
asphalt) is calculated by using Kullback-Leibler variance distance as seen Appendix 
B. 
Data which have the least three variances in LPCs, the least two variances in power 
values and of the least two variances in cepstrums for four road condition, are 
selected as feature vector elements. Figure 3.13 shows variances which take place in 
feature vector as seen in Appendix C.  Blue columns show asphalt variances, 
magenta columns show snowy variances, red columns show gravel variances and 
green columns show stony variances in feature vector in Figure 3.13. 
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Figure 3.13 : Variances in feature vector. 
Data are classified by using feed-forward backpropapagation network in 
MATLAB/NEURAL NETWORKS TOOLBOX. Three hidden layers are used. First 
layer has 30 neurons. Second layer has 30 neurons and third layer has 20 neurons. 
Tangent-sigmoid was used for first and third layer as transfer function. Pure-linear 
was used for second and output layer as transfer function. Train ratio was %80, 
validation ratio was %10 and test ratio was %10. Perform function was mean squared 
error. Classification gave about 90 percent correct results as seen Appendix D.  
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4. RESULTS 
EV has more advantages than ICE vehicles when traction control system application 
is considered. Because electric motorcan generate torque quickly and accurately, the 
traction forces can be easily controlled. Furthermore, because each wheel can be 
controlled separately the traction control has a positive side effect on lateral 
dynamics of the vehicle as the slip ratio can be reduced and the yaw rate can be 
expilicitly controlled. Measurement of motor torque is easy in EV. Therefore 
different kinds of TCS for EV can design can be applied readily when motor torque 
control is possible. 
The traction control applications examined in this thesis are Model Following 
Control (MFC), Slip Ratio Control (SRC) and Maximum Transmissible Torque 
Control (MTTE).  In MFC, two kinds of vehicle model exist. One of them is the ideal 
vehicle model which is driven on road without slip. The other vehicle 
modelrepresents the real vehicle which is driven on the real road conditions with 
actual slip. MFC system compares real vehicle angular velocity and ideal vehicle 
angular velocity to estimate the slip ratio experienced by the real vehicle. The 
difference of angular velocities is sent to sum block as a negative feedback. 
Therefore, command current can control the slip ratio to provide the driving safety 
without any slip. But MFC system does not use the real vehicle dynamics, therefore 
road-tire dynamics are not represented in an exact manner. Therefore, it is acceptedas 
a theoretically viablebut practically a rough approximation system.    
The second TCS system examined for EVs application is SRC which uses estimated 
optimal slip ratio. SRCincludes detailed road-tire dynamics in EV motor block.  
However,ISRC needs appropriate      curves in EV motor block to calculate 
appropriate vehicle dynamic response. Then it estimates,    slope by the order of of 
driving force, road conditions, and optimal slip ratio. Therefore SRC reaches the 
estimated torque value which resulted from optimal slip ratio. Then it compares 
actual command torque and estimated torque, and finally selects the lower value to 
be on the safe side. According to simulation results, SRC regulates slip ratio and 
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keeps it near optimal range. Key point in SRCfor improvement is to use correct 
    curve and to decrease thenumber of estimated data values in SRC system. This 
could be possible using acoutic sensor at a relatively low-cost. Because the road 
condition can be differentiated using acoustic data,it can be later connected to 
appropriate     characteristic curve to estimate   directly. 
The final method explored here is MTTE. This structure estimates the correct torque 
valueusing the driving force and maximum transmissible torque. Maximum 
transmissible torque is used to in a comparison with the command torque in 
saturation dynamic block. Therefore MTTE suppresses sudden angular velocity 
increase and results in slip ratio of quite small value. But MTTE needs appropriate 
     curve just like SRC does. Therefore, it is again decided that it is of crucial 
importance and if we could obtain road characteristics at a low cost that would carry 
these systems into more feasible range of systems. 
One of the advantages of EV beyond its obvious fuel-efficient and environment 
friendly structure is that electric motors can be embedded into each wheel and can be 
controlled independently. This advantage also affects the lateral dynamics of the 
vehicle positively. DYC system is implemented in EV which has two independent 
driving wheels (single-track bicycle model) and MFC as a sub-system system for 
performing the traction control This system distributes the torque to wheels suitably, 
whereas in the system without MTTE the torque is distributed equally to each wheel. 
Therefore, in systems with MTTE, different torque values on wheels generate 
moments at the center of gravity of the vehicle. According to simulations suitable 
torque values are applied to motors, generating a correctivemoment in a counter-
action way for undesirable yaw rates. 
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5.  CONCLUSION AND FURTHER WORK 
EVs enable the application of different kinds of traction control system. Amongst 
them, the MFC system is simple for practical applicationhowever it is not very 
precise and reliable since it does not consider the real dynamics. On the other hand 
MTTE and SRC have more room for improvement and applicable to an EV at low 
cost. In future work, vehicle model will be improved, the acoustic data collection 
will be coupled with at least vehicle chassis and wheel velocity measurements for 
every road condition for further validation and improvement of the system.Therefore 
detailed and new model will be created. This model will be tried and tested on 
electric vehicle. 
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APPENDIX A 
Using MATLAB codes to get LPC: 
a=wavread('asfalt-0.1-10.wav'); 
b=lpc(a); 
c=b'; 
d=c(:,1); 
sort(d); 
plot(c) 
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Using MATLAB code to get power spectrums [21]: 
Fs=44100; 
[y, Fs] = wavread('tasli-trim-0.2.wav');      % y is sound data, Fs is sample frequency. 
t = (1:length(y))/Fs;         % time 
ind = find(t>0.1 & t<0.12);   % set time duration for waveform plot 
figure; subplot(1,2,1) 
plot(t(ind),y(ind))   
axistight 
title(['Waveform of ']) 
N = 2^12;                     % number of points to analyze 
c = fft(y(1:N))/N;            % compute fft of sound data 
p = 2*abs( c(2:N/2));         % compute power at each frequency 
f = (1:N/2-1)*Fs/N;           % frequency corresponding to p 
subplot(1,2,2) 
semilogy(f,p) 
axis([0 4000 10^-4 1])        
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Using MATLAB code to get cepstrums [22]: 
[x,fs]=wavread('asfalt-0.1-10.52.wav'); 
msa=fs/1000;                 % maximum speech Fx at 1000Hz 
msb=fs/20;                  % minimum speech Fx at 20Hz 
% plot waveform 
t=(0:length(x)-1)/fs;        % times of sampling instants 
subplot(3,1,1); 
plot(t,x); 
legend('Waveform'); 
xlabel('Time (s)'); 
ylabel('Amplitude'); 
% do fourier transform of windowed signal 
Y=fft(x(:,1).*hamming(length(x))); 
% plot spectrum of bottom 5000Hz 
hz5000=5000*length(Y)/fs; 
f=(0:hz5000)*fs/length(Y); 
subplot(3,1,2); 
plot(f,20*log10(abs(Y(1:length(f)))+eps)); 
legend('Spectrum'); 
xlabel('Frequency (Hz)'); 
ylabel('Magnitude (dB)'); 
% cepstrum is DFT of log spectrum 
C=fft(log(abs(Y)+eps)); 
d=abs(C(msa:msb)); 
d' 
sort(d); 
% plot between 1ms (=1000Hz) and 20ms (=50Hz) 
q=(msa:msb)/fs 
subplot(3,1,3); 
plot(q,abs(C(msa:msb))); 
legend('Cepstrum'); 
xlabel('Quefrency (s)'); 
ylabel('Amplitude'); 
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APPENDIX B 
Kullback-Leibler distance between data center 
Stone-stone=0 
Stone-asphalt=936.5886 
Stone-snow=971.8878 
Stone-gravel=928.1309 
Table B.1: Data distances between each lines according to Kullback-Leibler 
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APPENDIX C 
Table C.1: Asphalt maximum ten LPCs and their variance for thirty data 
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Table C.2 : Asphalt maximum five power values (V
2
) and their variance for thirty 
                       data 
 ASPHALT 
M
A
X
IM
U
M
 F
IV
E
 P
O
W
E
R
 V
A
L
U
E
S
 F
O
R
 T
H
IR
T
Y
 D
A
T
A
 
 
 
V
A
R
IA
N
C
E
S
 
 
 
 
 
 
 70 
 
Table C.3 : Asphalt maximum ten cepstrums and their variance for thirty data 
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Table C.4 : Snow maximum ten LPCs and their variance for thirty data 
 SNOW 
M
A
X
IM
U
M
 T
E
N
 L
P
C
s 
F
O
R
 T
H
IR
T
Y
 D
A
T
A
 
 
 
V
A
R
IA
N
C
E
S
 
 
 
 
 
 
 
 
 
 
 72 
 
Table C.5 : Snow maximum five power values (V
2
)  and their variance for thirty 
                        data 
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Table C.6 : Snow maximum ten cepstrums and their variance for thirty data 
 SNOW 
M
A
X
IM
U
M
 T
E
N
 C
E
P
S
T
R
U
M
 V
A
L
U
E
S
 F
O
R
 T
H
IR
T
Y
 D
A
T
A
 
 
 
V
A
R
IA
N
C
E
S
 
 
 
 
 
 
 
 
 
 
 
 74 
 
Table C.7 : Gravel maximum ten LPCs and their variance for thirty data 
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Table C.8 : Gravel maximum five power values (V
2
) and their variance for thirty 
                        data 
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Table C.9 : Gravel maximum ten cepstrums and their variance for thirty data 
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Table C.10 : Stone maximum ten LPCs and their variance for thirty data 
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Table C.11 : Stone maximum five power values (V
2
)  and their variance for thirty 
                         data 
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Table C.12 : Stone maximum ten cepstrums and their variance for thirty data 
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Table C.13 : 120x7 feature vector 
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APPENDIX D 
 
 
Figure D.1 : Neural network result interface. 
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Figure D.2 : Neural network classification performance. 
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Figure D.3 : Neural network classification mu training state. 
 
 
Figure D.4 : Neural network classification gradient training state. 
 
Figure D.5 : Neural network classification validation fail training state. 
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Figure D.6 : Neural network classification training regression. 
 
Figure D.7 : Neural network classification validation regression. 
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Figure D.8 : Neural network classification test regression. 
 
Figure D.9 : Neural network classification all regression. 
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Neural networks classification test results: 
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